A growing appreciation has developed in the last several years for the copper vapor laser because of its utility in ablating difficult materials at high rates. Laser ablation at high rates shows promise for numerous industrial applications such as thin film deposition, precision hole drilling, and machining of ceramics and other refractories.
Introduction
Since its invention is the late 1960s [ 11, the copper vapor laser has been developed predominantly for laser isotope separation [2] . In this application the laser is valued because of its wavelength, 50 ns pulses, multi-kilohertz repetition rate, and 1 -2% electrical to optical efficiency. As this laser system has matured into an industrial tool, new material processing applications for the laser have developed. When applied to materials processing, the visible wavelength is found to couple well to most materials, the short pulse length causes ablative material removal, and the high repetition rate increases the material removal rate to a moderate level. A further advantage of the laser is near diffraction-limited operation at hundreds of watts average power, allowing precise spatial control. This paper is segmented into three major sections; a review of modeling and measurements that help illuminate the physics of copper laser beam -material interaction and a discussion of two applications of high-power copper lasers, precision hole drilling and pulsed laser deposition. In each of these applications the unique suitability of the copper laser will be discussed along with results of tests performed at LLNL.
Physics of copper laser beam -material interaction
Over the past couple of years LLNL has investigated both a one-dimensional model and experimental measurements of copper laser bedmaterial interactions. This effort has helped aid our understanding of the influence of processing parameters (irradiance and material type) and on material processing (material removal rate). First in this section is a discussion of the model with results and subsequently, a discussion of measurements of a plume expansion off of an aluminum target.
The model involves a one-dimensional description of heat transport below a surface, hydrodynamic expansion of the vapor and compressed air, and light propagation through the vapor to the vaporization surface [3,4]. Figure 1 details the geometry of the model. On the left lies the solid material. Laser light strikes the surface (from the right in the figure), causing a melt layer to develop and propagate inward into the solid material. When the vaporization temperature is reached, the vapor begins to blow off, preceded by a plug of compressed air. This is bounded by a shock front. When the temperature becomes sufficiently high, both the incident beam and the reflected beam (to the extent that it is appreciable) can be absorbed in the vapor by photoionization and inverse bremsstrahlung.
The pressure and energy of the vapor require an equation of state. Since substantial ionization may be present in the bulk of the vapor, the electronic contributions that the pressure and energy density must be considered). Simple estimates show that, for time scales longer than a few nanoseconds, the assumption of local thermodynamic equilibrium is fairly well justified. Hence we have developed and utilized a Saha equation of state package, assuming hydrogen-like levels between ionization limits. It agrees with more sophisticated codes in the regime of interest. The total pressure is p=(n + ne)kT..
For the calculations reported here, a 510.6 nm beam is incident on stainless steel at an average irradiance of 1Olo W/cm2 (Le.. 45 W at 4.5 kHz with a spot size of 50 pm). The temporal light pulse rises rapidly to a maximum in 8 ns, and falls off to 10% of maximum at 70 ns. The ambient atmosphere is assumed to be air, though no chemical reactions are modeled. Figure 2 displays the material temperature spatial profiles for three times after the light is first incident on the surface.
Note that z = 0 is the original surface position. At 30 ns, the ablating surface temperature is 6500 C, having already peaked at 12,000 C after 5 ns of expose to the beam. At 30 ns, 0.5 ym of the steel has been removed by vaporization. As displayed by the 30 ns curve, the temperature gradient into the steel is quite steep; the material 2 p from the original surface is only starting to be heated! At later times the light pulse is over and consequently the surface temperature has dropped. In addition, our model indicates that at the longest time, 1.1 microns of steel has been ablated with 8 microns of material that have been raised above the melting temperature but not vaporized. 
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. . . . ... The response of the material during the laser pulse is dominated by two phases at 1010 W/ cm2. Early in the pulse the surface rapidly heats by direct laser illumination to 12,000 C, quickly propagating a vapor front with air being pushed by it. Our code indicates that under these conditions, a second phase occurs. At 8 ns, the laser beam is then nearly completely absorbed by this propagating vapor plume because of photoionization of the vapor. From 8 ns until 12 ns the surface receives negligible direct laser heating. As the vapor continues to expand, a small fraction of the laser beam (about 5% of the incident laser energy) transmits through the vapor to the ablating surface. Common terminology for this phenomena is laser detonation, see reference [5]. Our calculations indicate that 15% of the laser pulse energy directly heated the vaporization surface, and 85% of the energy was conducted to it by electron thermal conduction. The thermal conduction phase starts shortly after the laser detonation wave (12 ns) and lasts several microseconds. During this phase the surface temperature slowly decays from 6000 C to 3000 C.
Our model indicates that laser detonation occurs on steel at irradiance above 3 x 108 W/cm2.
Calculations for aluminum show similar thresholds. In the high intensity regime most of the energy transported to the surface is by electron thermal conduction from the vapor plume. Our calculations (and measurements) indicate that at 50 ns after initial illumination, the vapor front can be a large fraction of a mm in lateral dimension. This is many times the diameter of the laser spot, implying a loss of spatial control after laser detonation occurs.
We have measured important properties of copper laser bedmaterial interaction. From these measurements, estimates of vapor density, vapor temperature, surface temperature and pressure can be made through hydrodynamic relationships. In addition, onset of plasma shielding (laser detonation) are easily observed.
Standard shadow and Schlieren techniques were used in our experiments. A Q-switched and frequencydoubled YAG laser was used as a light source with 20 11s duration. In addition, a short pulse flash lamp was also used in combination with a gated (20 ns) camera. In each case the vapor plume was imaged onto the cameras by an achromatic lens with sufficient magnification to yield -50 micron resolution. Fresh target material was constantly supplied after each laser pulse via a rotating target. The vapor plume was produced under ambient air without any assist gas. Figure 3 illustrates images of vapor expansion when laser light was focused on an aluminum target. At a laser intensity of 0.93 x 109 W/cm2, the vapor leaves the surface in an expected spherical expansion with a well defined vapor front. As the laser intensity is increased, an additional cone-shaped plume starts to appear. At 7.3 x lo9 W/cm2, the cone shaped expansion is well defined (figure 3). This feature is not correlated with the position of the surface, but with the direction of the incoming laser beam. This strongly suggests that the cone-shaped plume was initiated through a strong plasma absorption of laser light that generated a laser supported detonation wave. Our measurements at various laser intensities indicate that the laser threshold for this plasma ignition is approximately 1.5 x lo9 W/cm2 for carbon steel and 2 x lo9 W/cm2 for aluminum. These measured thresholds are within a factor of 5 of those predicted by our onedimensional computer code.
We have measured vapor expansion dynamics and electron temperature and density by line emission spectroscopy. By iterative application of hydrodynamic relationships for adiabatic shock expansion, vapor density and temperature can be inferred. This results in a vapor density of the primary plume of -3 x 102O cm-3 at the vapor front and lo2* cm3 near the surface. The electron temperature and density measurements yield 3.5 eV(peak) and 4.2 x 10l8 at a laser intensity of 1O1O W/cm2. With these values of vapor density and electron temperature and density, photoionization is predicted to dominate the laser absorption over inverse bremstrahlung, consistent with our onedimensional model. At lo'* W/cm2 and just after the laser pulse has terminated, we infer from our measurements an absorption depth of only 20 microns versus a vapor plume dimension of greater than 500 microns. 
Precision hole drilling with a copper vapor laser.
Laser drilling has been widely used in industry because of its high production rate, ability to rapidly vary hole size, ability to drill holes at shallow angles, and ability to drill traditionally hard to work materials such as ceramics and composite materials. We have extended this utility to submillimeter dimensions by use of a near diffi-action-limited copper laser and precision wave front tilting technology.
The ability to focus a laser beam is one of the most important characteristics of a laser micromachining system. In order to produce a small, circular laser focus spot with a reasonable focal depth (20 -30 times the spot size), the laser beam needs to be near diffraction limited with wavelength in the visible or UV range. To minimize the heat affected zone, the duration of laser pulse needs to be less than a few microsecond such that heat conduction to the material during drilling is negligible. Multi-kilohertz operation is preferred to remove the material in a more controllable fashion, such that material removed during each pulse is small while the processing speed is maintained because of high pulse rate. A copper laser, with its high repetition frequency (4 -20 kHz) and short output pulse (30 -100 ns) in the visible spectrum, has been considered an ideal tool for laser micro-machining [6,7,8] However, the difficulties in control of CVL beam quality and in optimization of processing parameters has prevented it from generating repeatable high precision result. Our recent development of high-beam quality CVLs and precision wave front tilting technology has led to success in laser precision micro-fabrication.
The schematic of our copper laser based micro machining system [9] is illustrated in when an F/10 system is used (i.e., a diffraction limited spot size is about 15 microns). As shown in Figure 4 , a precision two-axis scanning mirror is used to tilt the laser wave front before passing through the achromat with an angular resolution better than 5 microradians. This scanning mirror is equipped with a feedback loop to compensate for hysteresis effects. The beam scanning frequency on the work piece can be varied from 1 Hz to about 100 Hz depending on application requirement. A camera is used to observe the progress of material processing on the working piece based on reflected laser light.
In copper laser percussion drilling, a stationary laser beam (scanning mirror turned off) is used to drill. Straight parallel holes with aspect ratio better than 4O:l have been repeatedly produced in a variety of steels; 20 -25 micron diameter holes percussion drilled in 1 mm stainless steel are typical. Because the material removal is mostly through laser ablation, these holes show no measurable heat affected zone. Smaller hole sizes can also be achieved using a lower laser power or faster focusing optics, but this also reduces material penetration with the possibility of generating tapered holes. Since the coupling between the side wall of a drilled hole and the laser beam is very poor due to high incidence angle, our experience indicates that the laser peak power on the hole entrance must be more than a few GW/cm2 to avoid hole taper. This intensity is just at the laser detonation threshold.
Assist gas was not found to be essential in CVL micro drilling, but there is evidence that oxygen increases drilling speed due to exothermic reactions. Although straight holes free of recast laser can be produced by a simple CVL percussion drilling at a fairly fast speed, the hole dimension control and hole repeatability are not satisfactory for high precision applications. Typically a tolerance of hole size and roundness of approximately 10% of its diameter is expected. Higher precision micro drilling must be accomplished by laser trepanning.
Laser trepanning has long been applied in industry to either improve the hole accuracy or to generate large holes, mostly for hole aspect ratio less than 1: 1. Precision micro trepanning for higher aspect ratio holes has rarely been accomplished because of difficulties in material penetration and removal. In our investigation, laser trepanning is achieved by tilting the X-Y scanning mirror sinusoidally such that the laser spot generates a circular pattern on the work piece. Trepanned holes down to 50 microns in diameter have been drilled this way. Figure 5 illustrates three CVL trepanned holes with 185 micron diameter in 1 mm stainless steel. The sample was ultrasonically cleaned after drilling without additional post processing. Minor edge erosion with depth less than 10 microns was found on the laser entrance side as shown in Figure 5a . However, examination of sectioned holes indicated the material underneath of this area was not affected. The holes on the laser exit side, shown in Figure 5b , demonstrate extremely well defined circular hole pattern without erosion. Measurements indicates that both the entrance and exit hole have a roundness error of about 5 microns caused by various mechanisms.
It is obvious that the geometry of the entrance hole is predominately determined by the laser scanning pattern and the shape of a laser spot. Because of the existence of some residue hysteresis of our scanning mirror system, the laser scanning pattern actually has a -2% roundness error that explains the dimension error of the entrance holes shown in Figure 5a . On the other hand, the geometry of the exit holes, although primarily controlled by the laser scanning pattern, is also strongly affected by the polarization state of the laser beam. Because of the difference in surface absorption between S and P polarized beam, especially at high incident angles, the laser beam material removal is more effective along the beam polarization because of its more effective coupling with the side wall. On the material entrance surface, the laser-material coupling is the same for both S and P polarization because of the normal incidence angle. The geometry of a entrance hole is thus not affected by the state of beam polarization.
Repeatability of hole dimension has been significantly improved with CVL trepanning as demonstrated in Fig. 5 . The variations of hole size and shape were almost impossible to measure based on our microscope measuring system. This striking improvement on hole repeatability is believed to be mainly due to the fact that laser trepanning not only performs material removal during the initial drilling phase, but also engages in material trimming and side wall polishing during the later drilling phase.
A section of the trepanned holes indicate a fairly straight side wall with surface roughness measured at 1-2 microns (i.e., peak to valley) which is comparable to the low end of a grinding finish. A minor curvature on the side wall may be caused by the caustic surface of the focused laser beam and can be corrected with a longer focus lens. Detailed examination of the hole section reveals that the recast layer and heat affected zone are minimized to a non-measurable level (i.e., sub-micron). SEM pictures of a CVL trepanned hole clearly show an unaltered grain structure on the side wall as a consequence of effective laser ablation process during CVL trepanning.
In addition to circular holes, we have demonstrated non-circular holes with various geometry's on a 1 mm thick stainless steel, as illustrated in Figure 6 . These holes were cut by modifying the scanning pattern of the trepanning system to draw the desired shape on the target. Hole aspect ratio higher than 10: 1 with no taper has been achieved with these non-circular trepanned holes. Corner rounding effects become more severe as hole size is reduced to smaller than 100 microns. This demonstration of non-circular micro holes with high aspect ratio reveals the great potential in laser trepanning applications and may have significant impact on engineering design that is traditionally limited to circular holes.
Copper laser trepanning represents a great potential in laser precision micro-drilling. Noncircular holes have been drilled by simply changing the laser scanning pattern. The hole quality Figure 6 . CVL trepanned holes on a 1 mm thick stainless steel that show a variety of hole geometry's can be drilled with aspect ratio larger than 1O:l. Hole dimensions from left to right are 156 pm, 84 @m, and 90 m drilled by this laser micro-machining system is found to be comparable or better than holes drilled by electric discharge machining (EDM). With the flexibility in hole geometry and size, and scalability to higher speed, this micro-machining system offers a superior technique to EDM machines which currently are widely used in industry.
We have found that there are four groups of industries that are interested in this precision drilling technology. They are the automobile and truck engine manufacturers for fuel injectors, the jet engine manufacturers for turbine blade cooling holes, industries that require precision orifices (ink jet, biochemical, etc.), and the electronics industry for "vias" in multi chip modules. Within these industrial segments, demand is for micron precision and drilling rates measured in holes per minute or higher.
Pulsed laser deposition utilizing a high-power copper laser
We like to think of pulsed laser deposition (PLD) with a copper laser as good utilization of the vapor ejected during precision hole drilling. This is not strictly true, but the same physical attributes that create ablative material removal also cause the transfer of high quality materials in a deposition chamber. As discussed in the first section of this paper, illumination of a target with a copper laser beam quickly heats the surhce of targets to above 10,000 C. At this temperature most materials have very similar vaporization rates. In PLD the vaporized material is allowed to expand in a vacuum chamber before striking a substrate to be coated. Source material is typically replenished by moving the target relative to the laser beam. [ArF] to 308 nm [XeCl] ) light arriving in 20 -50 ns pulses with peak irradiance of lo8 -lo1* W/cm2 at rates of 5 -30 Hz. However, some authors report positive results with green (532 nm frequency doubled NdYAG) radiation sources operated under similar conditions. Typical film formation rates with these laser systems are on the order of 10 prn-cm2/hr.
We have utilized a single copper vapor laser (CVL) oscillator and one high power amplifier for our PLD studies. In this paper we will only review our results on depositing diamond-likecarbon (DLC), ablated from a graphite target. Nominal operating parameters are summarized in Table 1 . The optical delivery system was comprised of a discrete optics delivery system and a single 500 mm focusing lens located adjacent to the vacuum deposition tank. Relatively low irradiance (108 W/cm2, below the laser detonation threshold) on the target was necessary to achieve high deposition rates and good materials properties. This was accommodated by defocusing the beam on the target.
A schematic drawing of the &position chamber is shown in Figure 7 . The laser light is introduced through a fused silica window. The graphite target is a rod of 1-inch diameter that is mechanically rotated at approximately 1 RPS and can be manually moved axially to keep a relatively fresh surface. The laser is aligned to strike the rod off center so that the laser plume is at 45 or 60 degrees to the incident beam. In general, the ablation plumes expand normal to the surface. The substrate to be coated is mounted within a sample port that is easily removed for deposition on the laser and plume and in the scattered laser direction were used to help diagnose laser alignment, plume generation, and qualitatively assess macroparticle generation. A turbomolecular pump was used to achieve a base pressure of 5 x lo4 Torr. For each set of deposition runs the vacuum chamber was heated up and outgassed. Typical vacuum levels during deposition episodes were in the 10-6 Torr range. To date, no assist or buffer gases have been used. Several different substrates have been coated with DLC. However, consistent with results of others, adherence of the films are substrate dependent. multiple substrates. The graphite target to substrate distance is 7.6 cm. Viewports orthogonal to -% Our early experiments investigated the deposition of DLC at laser irradiance of 108 W/cm2 to 1O'O W/cm2. We have utilized both electron energy loss spectrum (EELS) and Raman scattering off of the DLC films to help quantify its bond structure. Figure 8 is a representative Raman spectra of our DLC film grown with the above parameters. The EELS spectra and Ramans spectra verify the DLC nature of the film. In addition, it is very hard. We have used a micro indentor to measure the hardness of these films to be 60% of crystalline diamond, -58 GPa.
We typically control both the target irradiance and number of laser pulses (in combination with a masked silicon substrate) to quantify the volume of DLC grown on the substrates. Its spatial distribution and its growth rate were determined by measuring film thickness and distribu- tion with a diamond stylus profilometer at the step-up provided by the masked area. Figure 9 displays a measured DLC deposition thickness across the substrate. The &position has a very peaked character typical of PLD. It is this peaked film deposition that makes uniform film growth over large areas difficult. The deposition profile in Fig. 9 has been fit with a plume distribution proportional to C O S~O .~ $ ($ is the angle measured from the target surface normal). After 105 laser pulses at 4 x108 W/cm2 (190 W average power), we achieved 410 nm thickness at the center with half thickness at a radius of -4 cm. Since our copper lasers operate at 4.4 kHz, lo5 pulses represents 23 seconds of elapsed time. Integrating the full volume of material and dividing by the elapsed time yields an average deposition rate of 2 x lo3 p-cm2/hr. We have subsequently operated at 100 W average power at slightly lower target irradiance and have achieved 2.6 x lo3 p-cm2/hr. At this rate we produce DLC coatings in minutes that would normally take hours by either low repetition rate lasers or RF plasma deposition (note that materials can have significantly different properties with RF plasma &position). We have recently produced a 2.5 pm thick DLC film on a silicon substrate, with good surface characteristics. This film was grown with 58 seconds of laser on time.
Figure 9(b) displays the measured coating rate for DLC versus laser irradiance on the target. Variations of irradiance were accomplished by defocusing the laser, but total energy on the target was kept the same. Notice the peak in coating rate occurs at just below the measured laser detonation thresholds for aluminum and steel. We expect to measure the threshold for carbon in the near future, but it appears that detonation slows down the vaporization rate of the graphite. We did not measure significantly different DLC properties at these intensities. Atomic Force Microscopy (AFM) was used to measure surface roughness. A 400 nm thick DLC film has a measured surface roughness (as measured by the AFM) of 110 nm. We have produced some films with RMS surface roughness as low as a few nanometers.
A promising pulsed laser deposition technology utilizing copper lasers has been demonstrated. Trial runs producing diamond-like-carbon have been encouraging. This technology appears to have significant advantages over other methods in deposition rate and surface morphol- ogy. More work is required to understand the physical characteristics of these coatings to verify their utility. Several proposed uses of DLC, or crystalline diamond films are: low work function emitters for flat panel displays, hard low-friction coatings for machine tool bits or infrared optics, and corrosion resistant coatings for chemical processing systems.
One of the distinct advantages of the PLD process is the near stoichiometric transfer from the ablation target to the desired substrate. We believe that the use of copper lasers allows high deposition rates and consequently a relatively inexpensive coating technique for a large number of high-value thin films. Table 2 serves as an indication of potential thin-film systems and their applications.
Conclusion
The copper laser has been in existence for nearly thirty years now. With the significant technology development that has gone on in those years, the laser is poised to become a significant source for several emerging industrial applications in addition to laser isotope separation. In this paper we have reviewed the physics of copper laser beams/materials interaction. The laser is capable of high intensity, causing ablative material removal. At sufficiently high intensities, the vapor blowoff causes laser absorption by photoionization and prevents the laser beam from being fully transmitted directly to the part. In this case, electron thermal conduction over longer periods heats the part to lower temperatures. Ablation above the laser detonation threshold does not appear to be as efficient as below it. The copper laser, because of its ability to produce short pulses and near diffraction-limited beams, is a good tool for micro-machining. In particular, it has the ability to drill holes in difficult materials with very high aspect ratios with virtually no heat affected zone. When the copper laser is utilized in combination with fast tip-tilt mirrors, one can precision trepan holes with 1% diameter precision and almost arbitratily shaped cross section.
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The same virtues that make the copper laser a good drilling source also make it a good source for pulsed laser deposition. LLNL has utilized 100 -200 W copper lasers to vaporize carbon from a graphite target, producing diamond-like-carbon thin films. Since the pulse repetition rate of the laser is several kilohertz, we can deposit films at 10 -50 times other reported PLD rates.
The properties of these films indicate high value for electronics, chemical resistance, and tribological applications. In addition to carbon, there are many high-value thin film materials that may provide a significant market for copper laser technology.
